Methylprednisolone (MP) is used to treat a variety of neurological disorders involving white matter injury, including multiple sclerosis, acute disseminated encephalomyelitis, and spinal cord injury (SCI). Although its mechanism of action has been attributed to antiinflammatory or antioxidant properties, we examined the possibility that MP may have direct neuroprotective activities. Neurons and oligodendrocytes treated with AMPA or staurosporine died within 24 h after treatment. MP attenuated oligodendrocyte death in a dose-dependent manner; however, neurons were not rescued by the same doses of MP. This protective effect was reversed by the glucocorticoid receptor (GR) antagonist (11, 17)-11-[4-(dimethylamino)phenyl]-17-hydroxy-17-(1-propynyl)estra-4,9-dien-3-one (RU486) and small interfering RNA directed against GR, suggesting a receptor-dependent mechanism. MP reversed AMPA-induced decreases in the expression of anti-apoptotic Bcl-x L , caspase-3 activation, and DNA laddering, suggesting anti-apoptotic activity in oligodendrocytes. To examine whether MP demonstrated this selective protection in vivo, neuronal and oligodendrocyte survival was assessed in rats subjected to spinal cord injury (SCI); groups of rats were treated with or without MP in the presence or absence of RU486. Eight days after SCI, MP significantly increased oligodendrocytes (CC-1-immunoreactive cells) after SCI, but neuronal (neuronal-specific nuclear protein-immunoreactive cells) number remained unchanged; RU486 reversed this protective effect. MP also inhibited SCIinduced decreases in Bcl-x L and caspase-3 activation. Consistent with these findings, the volume of demyelination, assessed by Luxol fast blue staining, was attenuated by MP and reversed by RU486. These results suggest that MP selectively inhibits oligodendrocyte but not neuronal cell death via a receptor-mediated action and may be a mechanism for its limited protective effect after SCI.
Introduction
Methylprednisolone (MP), a synthetic glucocorticoid (GC) agonist with potent anti-inflammatory and antioxidant properties, is the mainstay of therapy for a variety of neurological disorders involving white matter injury. For example, MP is routinely used to treat multiple sclerosis (MS) exacerbations and acute disseminated encephalopmyelitis. It is widely used for acute spinal cord injury (SCI) in which white matter injury plays a prominent but not exclusive role, though marginal efficacy and a poor side-effect profile have recently raised concerns (Nesathurai, 1998; Sayer et al., 2006) . Despite its entrenched role in therapy for these disorders, the mechanisms of action of MP are not well understood. Because of the high doses required for protection, it has been proposed that the action of MP is through a receptorindependent inhibition of oxygen-free radical-induced lipid peroxidation (Demopoulos et al., 1982; Hall and Braughler, 1982; Anderson and Means, 1985; Bracken, 1991) . The potent antiinflammatory activity of MP (Barnes, 1998) suggests another mechanism that may be more prominent in the treatment of MS. In animal models of inflammatory disorders, GCs have been shown to reduce eicosanoid formation (Perkins and Kniss, 1997) and inhibit the expression of cytokines (Arzt et al., 1994) , adhesion molecules (van de Stolpe et al., 1994) , inducible nitric oxide synthase (Brenner et al., 1994) , and COX2 (Lukiw et al., 1998) and other effector actions of inflammatory mediators (Heyderman et al., 1995; Funk et al., 1995) . In addition, GCs induce apoptosis in thymocytes, T and B lymphocytes, and peripheral blood monocytes (Sikora, 1966; Schmidt et al., 1999) .
Although GCs are best known for their proapoptotic activities in inflammatory blood cells, there are increasing examples of antiapoptotic actions in other cell types. For example, the GR agonist dexamethasone (DEX) attenuated tumor necrosis factor-␣-induced apoptosis of the human mammary carcinoma cell line MCF-7 by preventing the downregulation of inhibitors of apoptosis family of proteins (Messmer et al., 2001) . Dexamethasone also suppressed proapoptotic Bcl-x S expression and enhanced basal levels of antiapoptotic Bcl-x L in gastric cancer TMK-1 cells (Chang et al., 1997) and C6 glioma cells (Ni Chonghaile et al., 2006) , enhancing cell survival. Moreover, spontaneous apoptosis in primary cultures of human and rat hepatocytes was inhibited by dexamethasone, in parallel with an increase in Bcl-x L expression (Bailly-Maitre et al., 2001) .
Several studies have reported that, after SCI, some neural cells die with features of apoptosis (Crowe et al., 1997; Liu et al., 1997; Springer et al., 2001) . Ultrastructural features, biochemical markers, and activated apoptotic mediators or end products have been observed in contused cords (Hamada et al., 1996; Crowe et al., 1997; Liu et al., 1997; Emery et al., 1998; Springer et al., 1999; Li et al., 2000; Keane et al., 2001) . Prominent among these dying cells were oligodendrocytes, which were observed to die hours to weeks after injury near and distant to the epicenter (Crowe et al., 1997; Shuman et al., 1997; Yong et al., 1998; McTigue et al., 2001; McEwen and Springer, 2005) .
In light of its contrasting apoptotic activities in different cell types, we investigated whether MP could have differential antiapoptotic activities in neural cells after SCI.
Materials and Methods

SCI model in rats
The SCI model in rats has been detailed previously (Xu et al., 1990 (Xu et al., , 1991 (Xu et al., , 1992 (Xu et al., , 1998a Liu et al., 1997) . Briefly, female rats (Long-Evans, body weight of 300 Ϯ 25 g) were subjected to chloral hydrate anesthesia (400 mg/kg, i.p.). After a T9 -T11 laminectomy, SCI was induced using a New York University (NYU) Impactor by dropping a 10 g weight at a height of 12.5 mm. Animals subjected to identical surgical procedures, without impaction, served as shamoperated controls. In some situations, animals undergoing no surgery were used as controls. Perioperative care followed MASCIS (Multicenter Animal Spinal Cord Injury Study) guidelines, which has been described in previous publications (Basso et al., 1996; Liu et al., 1997; Xu et al., 1998a) . In addition, all procedures were approved by the Washington University Animal Studies Committee.
Cell culture
Cortical neuronal cultures. Cortical neuronal cultures were prepared as described (Rose et al., 1990) . Briefly, cortices were isolated from 14 -16 d rat embryos, dissociated, and plated on poly-lysine-coated dishes or 24-well plates in MEM (with glutamine-free Earle's salts) supplemented with 5% fetal bovine serum, 5% horse serum, 20 mM glucose, and 2 mM glutamine. After 3 d in vitro, non-neuronal cells were eliminated with a 3 d exposure to10 M cytosine arabinoside, yielding Ͼ90% pure neuronal cultures. Cultures were maintained in a 37°C humidified incubator in a 5% CO 2 atmosphere.
Oligodendrocyte cultures. Neurospheres were cultured as described previously (Zhang et al., 1999) with modifications. Briefly, embryonic rat cortices (embryonic days 14 -16) were dissected, homogenized gently in DMEM/F-12 medium, and centrifuged at 350 ϫ g for 5 min. The pellet was digested with 1.5 ml of 0.025% trypsin/0.27 mM EDTA at 37°C for 30 min followed by the addition of 1.5 ml DMEM/F-12 with 20% FBS and then filtered through 10 m nylon mesh. The filtrate was centrifuged at 350 ϫ g for 5 min, and the pellet was washed twice with DMEM/F-12. Dissociated cells were layered on a preequilibrated Percoll gradient (formed by centrifuging 50% Percoll and 50% DMEM/F-12 at 23,500 ϫ g for 1 h at 4°C) and centrifuged at 23,500 ϫ g for 15 min. The fraction containing glial progenitors, banding between myelin and red blood cell layers, were recovered and washed twice with DMEM/F-12 followed by a wash with neurosphere culture medium (DMEM/F-12, N1 supplement, 25 g/ml insulin, 20 ng/ml basic fibroblast growth factor, and 20 ng/ml epidermal growth factor). The cell pellet was resuspended in 20 ml of neurosphere culture medium and seeded in 75 mm culture flasks. After 24 h, when neurospheres formed, 5 ml of fresh medium was added to each culture every other day for 7 d; the neurosphere cultures were split (1:2), dissociated gently 10 times with a syringe with needle (25 gauge), and centrifuged at 350 ϫ g. The resulting cell pellets were treated with 0.05% trypsin/0.53 mM EDTA and centrifuged at 350 ϫ g for 10 min. The cells were resuspended in progenitor medium (69% DMEM/F-12 containing N1 supplement, 10 g/ml insulin, 20 nM progesterone, 100 U of penicillin/streptomycin, 30% conditioned medium from B104 cells, and 1% FBS) and plated on 100 mm culture dishes precoated with poly-Lornithine. Disaggregated oligosphere cells displayed bipolar or tripolar morphology.
For differentiated oligodendrocyte cultures, progenitor cells were detached with trypsin and cultured on poly-L-ornithine-coated dishes in differentiating oligodendrocyte medium (DMEM/F-12, N1 supplement, 20 ng/ml biotin, 20 ng/ml triiodo-L-thyronine, 20 ng/ml retinoic acid, 0.1 g/ml heregulin 1-␤, and 1% FBS). We have shown previously that oligoprogenitor cells differentiated from rat neurospheres demonstrate morphologic and antigenic characteristics of oligodendrocytes; immunohistochemistry revealed that virtually all cells immunostained for oligodendrocyte-specific antigens, CNP, Rip, GalC, and proteolipid protein (Lee et al., 2004) .
Cell death assessment. Cell viability was quantitated by the lactate dehydrogenase (LDH) assay (Xu et al., 1998b) .
DNA fragmentation
DNA laddering (Xu et al., 1998a) . Briefly, at various intervals after injury, a 10 mm spinal cord segment (5 mm rostral and 5 mm caudal from the epicenter) was dissected after intracardiac perfusion with 100 ml of saline under anesthesia. In cultures, oligodendrocytes were collected after drug treatments. The samples were homogenized in lysis buffer (50 mM TrisHCl, 10 mM EDTA, and 0.5% SDS, pH 8.0), incubated with RNase (0.5 mg/ml) at 55°C for 1 h, followed by proteinase K (0.5 mg/ml) at 37°C overnight. The solution was extracted with the same volume of phenol and chloroform (1:1, v/v) and centrifuged at 25,000 ϫ g at room temperature for 10 min. Equal volumes of isopropanol was added to the supernatant and centrifuged at 13,000 ϫ g for 15 min. Pellets were washed with 70% ethanol, rehydrated with Tris-EDTA buffer, electrophoresed on a 1.5% agarose gel, and visualized by UV for quantification.
ELISA. For cultures, oligodendrocytes were collected after drug treatment. The cytosolic levels of histone-associated DNA fragments were determined using a Cell Death Detection ELISA kit (Roche Diagnostics, Mannheim, Germany) (Xu et al., 1998a) .
Small interfering RNA
Two small interfering RNAs (siRNAs) were acquired to knockdown GR (Qiagen, Valencia, CA): siGR1, sense, r(GAU GUU AGG UGG GCG UCA A)dTdT; antisense, r(UUG ACG CCC ACC UAA CAU G)dTdT; target sequence, AAC ATG TTA GGT GGG CGT CAA; and siGR2, sense, r(GGG ACA AAU AUA AUU GGU A)dTdT; antisense, r(UAC CAA UUA UAU UUG UCC C)dAdG; target sequence, CTG GGA CAA ATA TAA TTG GTA. A nonspecific duplex was used as a control siRNA [5Ј-r(CAG UGG AGA UCA ACG UGC AAG UU)-3Ј], which did not affect GR mRNA levels relative to the untransfected controls. siRNAs in Opti-MEM medium was mixed with Lipofectamine 2000 in Opti-MEM medium (Invitrogen, Carlsbad, CA) for 20 min and then added to oligodendrocyte cultures (without antibiotics) for 48 h (final concentration, 50 -200 nM). After transfection, medium was changed to DMEM/F-12, and MP (1 M) was added for 4 h followed by staurosporine (STP) (100 nM) for 24 h. LDH from the medium was measured for cytotoxicity.
Western blot analysis
This method has been reported previously (Xu et al., 1991 (Xu et al., , 1998a . Briefly, at various intervals after injury, a 10 mm spinal cord segment (5 mm rostral and 5 mm caudal from the epicenter) was dissected after intracardiac perfusion with 100 ml of saline. The cord segment was homogenized in Western blot buffer (10 mM Tris-HCl containing 10 mM HEPES, 1.5 mM MgCl, 10 mM KCl, 0.5 mM DTT, 1 mM PMSF, and 0.1 U/ml protinin, pH 7.9) and centrifuged at 600 ϫ g. The pellets were collected for nuclear protein extraction (see below). The supernatant (cytoplasm) was subjected to high-speed (25,000 ϫ g) centrifugation. Protein (20 -60 g) from the supernatant was loaded onto 10 -12% polyacrylamide gel (depending on protein molecular weight), separated by SDS/PAGE, and transferred to nitrocellulose membranes by electrophoresis. The membranes were blocked in TBST buffer containing 20 mM Tris-HCl, 5% nonfat milk, 150 mM NaCl, and 0.05% Tween 20, pH 7.5, for 1 h at room temperature. Primary antibodies, anti-activated caspase-3 (1:500; Cell Signaling Technology, Beverly, MA), anti-Bcl-x L (1:1000; Sigma, St. Louis, MO), anti-neuronal-specific nuclear protein (NeuN) (1:500; Millipore Bioscence Research Reagents, Temecula, CA), and anti-myelin basic protein (MBP) (1:1000; Millipore Bioscience Research Reagents), were added to the membrane and incubated at 4°C overnight. The membrane was washed with TBST, incubated with alkaline phosphatase-or horseradish peroxidase-conjugated anti-rabbit, anti-mouse, or anti-rat secondary antibody (1:5000) at room temperature for 1 h, and detected using the Blot AP System (Promega, Madison, WI) or SuperSignal West Pico Chemiluminescent Substrate System (Pierce) as described in the technical manual provided by the manufacturers.
Immunohistochemistry
Rats were killed at various times after injury under anesthesia and perfused transcardially with 100 ml of 0.9% saline followed by 500 ml of 4% paraformaldehyde (Holets et al., 1987; Xu et al., 1995) . After perfusion, the spinal cords were carefully dissected, and 10 mm segments centered at the epicenter were blocked and postfixed for an additional 2 h in the same fixative. The specimens were transferred to a solution containing 30% sucrose in 0.1 M phosphate buffer, pH 7.4, overnight.
Spinal cord segments from control, sham-operated, or injured animals were embedded in tissue freezing medium, longitudinally sectioned (16-m-thick sections) on a cryostat, and mounted on gelatin-coated slides. The sections were permeabilized and blocked with 0.3% Triton X-100/10% normal goat serum in 0.01 M PBS for 30 min. Primary antibodies, activated caspase-3 (1:100, polyclonal antibody; Sigma) and CC-1 (1:100, monoclonal antibody; Oncogene Sciences, Uniondale, NY), were applied to the sections overnight at 4°C. On the following day, the sections were incubated with fluorescein-conjugated goat anti-rabbit (FITC) and rhodamine-conjugated rabbit anti-mouse (rhodamine-Bisothiocyanate) antibodies. Slides were mounted and examined with a Zeiss (Oberkochen, Germany) fluorescence microscope (Axiovert 200). In control sections, the primary antibody was substituted by 1% normal mouse serum.
Stereological analysis
Total oligodendrocyte or neuron number in the dorsal funiculus or gray matter was assessed using a computer-based stereology system (StereoInvestigator; MicroBrightField, Williston, VT). Neuron and oligodendrocyte numbers were estimated with the optical fractionator (West et al., 1991) 8 d after SCI. CC-1-and NeuN-positive cells in six equally spaced 30 m sections in a 1 mm block 3.5-4.5 mm rostral and 3.5-4.5 mm caudal to the epicenter were counted in the dorsal column and the gray matter, respectively. CC-1-positive cells were only counted when the cell body and proximal processes were darkly labeled and were within the inclusive zone of each dissector frame. NeuN-positive cells whose nucleus top came into focus within the inclusive zone of each dissector frame were counted. Results were reported in units of density (cells per cubic millimeter).
Statistical analyses
Differences among groups were analyzed by one-way ANOVA followed by post hoc Tukey's test.
Results
Methylprednisolone attenuates oligodendrocyte but not neuronal cell death via glucocorticoid receptors
To determine whether MP has direct neuroprotective activities, we treated cultures of neurons or oligodendrocytes with 200 M AMPA and 100 M cyclothiazide (for sustained activation of AMPA receptors) or 0.2 M STP. The cells were assessed for death 24 h after treatment, by LDH release. Both AMPA and STP induced significant cell death within this time period. MP treatment (1 M) attenuated oligodendrocyte ( Fig. 1 A) but not neuronal (Fig. 1C) cell death, whereas the caspase inhibitor zVAD [benzyloxycarbonyl-Val-Ala-Asp(OMe)-fluoromethylketone] (50 M) attenuated cell death for both cell types (Fig. 1 A, C) . MP attenuated STPinduced oligodendrocyte cell death over a wide range of concentrations; significant reductions in LDH release were detected at 30 nM with maximal effect at 1 M (Fig. 1 B) . However, at these same doses, MP had no effect on STP-induced neuronal death (Fig.  1 D) , suggesting a selective protective effect in oligodendrocytes.
To determine whether the protective actions of MP in oligodendrocytes were receptor mediated, we added the glucocorticoid receptor antagonist (11,17)-11-[4-(dimethylamino)-phenyl]-17-hydroxy-17-(1-propynyl)estra-4,9-dien-3-one (RU486) to STP-treated oligodendrocytes to examine its effect on cell death. In a dose-dependent manner, RU486 antagonized the protective effect of MP with maximal effect at 1-3 M (Fig. 2 A) . RU486 alone had no effect on cell death. To confirm the specific pharmacological effect of RU486 on GR, we also used two different siRNAs to knockdown GR expression. Both GR siRNAs resulted in an attenuation of the protective activity of MP (Fig. 2 B) , concomitant with knockdown of GR mRNA (Fig. 2C) . These results suggest that MP selectively protects oligodendrocytes (but not neurons) from injury via a glucocorticoid receptor-dependent mechanism.
Glucocorticoid agonists attenuate oligodendrocyte apoptosis
Previous studies have demonstrated that MP exerts protective effects in other cell types by modulating apoptotic regulators (Chang et al., 1997; Bailly-Maitre et al., 2001; Messmer et al., 2001) . We sought to determine whether the protective activity of MP in oligodendrocytes were mediated through a similar mechanism. Oligodendrocytes treated with AMPA demonstrated classical features of apoptosis, including downregulation of the antiapoptotic regulator Bcl-x L (Fig. 3A) , caspase-3 activation (Fig.  3 A, B) , and DNA fragmentation (Fig. 3C) , consistent with previous reports (Liu et al., 2002; Sanchez-Gomez et al., 2003) . Furthermore, as demonstrated above, oligodendrocytes died after exposure to STP (Fig. 1 A, B) , a nonselective inhibitor of protein kinase often used to induce apoptosis. Treatment with 1 M MP increased Bcl-x L expression, decreased caspase-3 activation and DNA fragmentation, and attenuated cell death (Fig. 3A-D) . RU486 (1 M) antagonized the effects of MP on the apoptotic mediators and reversed the protective effects of MP (Fig. 3A-D) . Furthermore, DEX (1 M) also demonstrated similar protective effects on oligodendrocytes, attenuating AMPA-induced apoptosis. MP did not rescue STP-treated neurons (Fig. 1C,D) , nor did it increase Bcl-x L levels in these cells (Fig. 3E) . Collectively, these results suggest that glucocorticoid agonists inhibit oligodendrocyte apoptosis via glucocorticoid receptor-mediated inhibition of apoptotic mediators.
Methylprednisolone inhibits SCI-induced apoptosis
We sought to examine whether MP could have similar antiapoptotic activity after SCI in a rat model. Groups of rats were subjected to SCI using the NYU Impactor (see Materials and Methods) , and the molecular signatures of apoptosis were examined 24 h after contusion. In agreement with previous reports (Qiu et al., 2001; Nesic-Taylor et al., 2005) , we found that SCI decreased Bcl-x L mRNA (Fig. 4 A) and protein (Fig. 4 B) , increased caspase-3 activation (Fig. 4C) , and induced DNA laddering (Fig.  4 D) , similar to our in vitro findings above. All of these changes in the apoptotic indicators were reversed when rats were treated with MP (30 mg/kg, i.v.) 15 min after SCI. Moreover, the effects of MP were abrogated by RU486 (15 mg/kg, i.p.) 30 min before SCI (Fig. 4 A-D) , suggesting that the antiapoptotic effects were GR mediated. Prominent among cells that demonstrated activated caspase-3 immunoreactivity (Act casp-3) were oligodendrocytes that colabeled with CC-1 (Fig. 4 E) . Activated caspase-3 immunostaining was absent in sham-operated animals (data not shown).
Methylprednisolone selectively attenuates oligodendrocyte cell death and demyelination after SCI
To determine whether MP demonstrated selective protection of oligodendrocytes after SCI (as found in our in vitro models), we used unbiased stereology to quantify surviving oligodendrocytes and neurons 8 d after SCI, to allow time for degenerating cells to disappear. Groups of rats were subjected to sham surgery, SCI (using NYU Impactor; see Materials and Methods), treatment with MP (30 mg/kg, i.v.) 15 min after SCI, or treatment with MP (15 min before) and RU486 (15 mg/kg, i.p.) 30 min before SCI as indicated (Fig. 5) . Because of the gross morphological alterations at the epicenter of the contusion, we counted surviving cells 3.5-4.5 mm from the epicenter (both rostral and caudal), specifically counting CC-1-immunostained oligodendrocytes in the dorsal columns or NeuN-immunostained neurons in the gray matter (Fig. 5A) . Eight days after SCI, the number of surviving oligodendrocytes in the dorsal columns was significantly decreased compared with sham-operated controls. MP treatment (30 mg/kg, i.v.) attenuated this SCI-induced oligodendrocyte death, and RU486 (15 mg/kg, i.p.) reversed the protective effect of MP (Fig. 5B) . RU486 alone had no effect on cell number. SCI also significantly decreased neuronal number in the gray matter; however, MP had no effect on neuronal cell survival (Fig. 5C ). These results suggest that MP selectively attenuates oligodendrocyte but not neuronal cell death after SCI. Furthermore, this protective effect appears to be mediated via the glucocorticoid receptor. A similar trend was observed in spinal cord homogenates (8 d after contusion) subjected to Western blotting, using anti-NeuN and anti-MBP antibodies. SCI reduced expression of both antigens, MP rescued MBP (14 kDa isoform) but not NeuN expression, and RU486 antagonized this effect (Fig. 6 A-D) .
One consequence of SCI and oligodendrocyte death (which can occur at sites distant from the epicenter) is demyelination in and around the contusion cavity. To determine whether MP altered the extent of demyelination after SCI, we used Luxol fast blue staining in groups of rats treated with vehicle, MP, or MP plus RU486 (Fig. 7A) . After SCI, a relatively large volume of demyelination was observed (ϳ7 mm 3 ). Treatment with MP significantly reduced this volume of demyelination, an effect that was reversed by RU486 (Fig. 7B) . These data suggest that MP Figure 4 . MP inhibits apoptosis after rat SCI. Groups of rats were subjected to no surgery (Con), sham surgery, SCI, SCI plus MP (30 mg/kg, i.v., 15 min before SCI), or SCI plus MP plus RU486 (RU; 15 mg/kg, i.p., 30 min before SCI) as indicated. At 24 h after surgery, spinal cords were removed, and RT-PCR was performed to measure Bcl-x L mRNA (A); Western blot was performed to measure Bcl-x L (B) and activated caspase-3 (Act casp-3; C). Spinal cord extracts were also run on a DNA gel to assess DNA laddering (D). Sections from contused spinal cords were immunostained for activated caspase-3 (green) and CC-1 (red) 8 d after surgery, demonstrating colabeling (left panel, low power; right panel, high power; scale bars, 10 m) (E). Blots and gels are representative of at least three independent replicates.
reduces SCI-induced demyelination by attenuating oligodendrocyte cell death via the glucocorticoid receptor.
Discussion
This study provides evidence that MP selectively attenuates oligodendrocyte apoptosis after injury, via a glucocorticoid receptor-mediated mechanism. In vitro, we demonstrated that MP attenuates oligodendrocyte apoptosis induced by AMPA and staurosporine, whereas neuronal apoptosis was unaffected at identical doses. Moreover, this protective effect on oligodendrocytes was inhibited by RU486 and GR-targeted siRNA, suggesting a receptor-mediated mechanism. Oligodendrocyte-selective protection was also observed after rat SCI in vivo, in which MP treatment selectively attenuated oligodendrocyte cell death without affecting neuronal survival via a glucocorticoid receptormediated mechanism. Furthermore, MP reversed apoptotic molecular signatures in oligodendrocytes in vitro, and, after SCI in vivo, downregulation of Bcl-x L , activation of caspase-3, and DNA fragmentation was attenuated by MP.
Although better known for its proapoptotic activity in a variety of inflammatory cells, MP has also been reported to exert antiapoptotic activity in a few cell types, including TMK-1 cells (Chang et al., 1997) , bovine glomerular endothelial cells (Messmer et al., 1999) , MCF-7 cells (Messmer et al., 2001) , C6 glioma cells (Ni Chonghaile et al., 2006) , and primary hepatocytes (Bailly-Maitre et al., 2001) . Therefore, our novel finding that MP exerts antiapoptotic activity in oligodendrocytes is consistent with these previous reports. Our findings are also consistent with preliminary evidence, which suggested that MP may exert antiapoptotic activity after SCI in rats (Vaquero et al., 2006) , although this study did not report the selective antiapoptotic activity in oligodendrocytes.
In our studies, we found that MP inhibits Bcl-x L downregulation after injury stimuli, along with downstream events (caspase-3 activation and DNA laddering). Bcl-x L , which resides on the mitochondrial outer membrane, is an important antiapoptotic regulator involved in the cell-intrinsic apoptotic pathway. It is believed to exert its antiapoptotic action by contributing to the maintenance of membrane integrity (thereby preventing the release of proapoptotic signaling molecules from the inner mitochondrial membrane) (for review, see Lindsten et al., 2005) . Endogenous Bcl-x L is highly expressed throughout the postnatal CNS (Gonzalez-Garcia et al., 1994; Krajewska et al., 2002) , suggesting an important role in maintaining survival of adult neural cells, under physiological and pathological conditions. Indeed, the infusion of a Bcl-xL fusion protein after SCI in rats promoted neuronal survival (Nesic-Taylor et al., 2005) .
The glucocorticoid receptor is ubiquitously expressed in cells throughout the nervous system, including neurons, astrocytes, and oligodendrocytes in the brain (Fuxe et al., 1985b) and spinal cord (Fuxe et al., 1985a) . After SCI, glucocorticoid receptor expression is upregulated in all of these cell types, with peak expression occurring 8 h after contusion (Yan et al., 1999) . In the inactive state, glucocorticoid receptors (intracellular receptors) reside predominantly in the cytoplasm, associated with other proteins (Vedeckis, 1983; Mendel et al., 1986; Sanchez et al., 1987) . During activation via steroid binding, these proteins dissociate, and the steroid-receptor complex dimerizes and translocates to the nucleus, in which it binds to specific DNA consensus sequences, termed glucocorticoid response elements (GREs) (Tsai et al., 1988) to participate directly in gene regulation (Yamamoto, 1985) . The bcl-x gene has several GRE consensus sequences in the promoter region (Gascoyne et al., 2003) , suggesting a potential mechanism for its induction by MP in oligodendrocytes. Despite the expression of glucocorticoid receptors in neurons (Fuxe et al., 1985a,b) , MP did not exert protective effects on cortical neurons in vitro or spinal cord neurons after SCI in vivo. Moreover, in our in vitro studies, MP did not induce Bcl-x L expression in neurons, although it was induced in oligodendrocytes. These findings suggest that the cell-type-specific activities of MP may be mediated by downstream signaling events, which are likely to be different in neurons versus oligodendrocytes.
Although RU486 was first developed as a specific glucocorti- Figure 5 . MP attenuates oligodendrocyte but not neuronal cell death after rat SCI. Groups of rats were subjected to sham surgery (n ϭ 7), SCI (n ϭ 9), treatment with MP (30 mg/kg, i.v.; n ϭ 6) 15 min after SCI, RU486 (RU; 15 mg/kg, i.p.; n ϭ 6) 30 min before SCI, or MP and RU486 (n ϭ 12). Unbiased stereology was used to count cells in equally spaced transverse sections located 3.5-4.5 mm rostral and caudal to the epicenter (A), as described coid antagonist (Teutsch et al., 1981) , subsequent characterization revealed several other activities. RU486 binds avidly to but weakly activates GR, giving it agonist/antagonist properties (Bourgeois et al., 1984) . In addition, RU486 antagonizes the progesterone receptor (Teutsch et al., 1981; Philibert, 1984) , which is the basis for its contraceptive activity. In our studies, we found that RU486 antagonized the protective activities of MP in oligodendrocytes treated with STP in vitro and after spinal cord injury in vivo, suggesting that the protective effects of MP were mediated via GR. To rule out the possibility that RU486 antagonized progesterone-mediated protective effects, we examined the effect of RU486 administered alone after STP-induced cell death or after SCI. RU486 alone did not have any effect on cell survival either in vitro or in vivo.
Although MP is not Food and Drug Administration approved for use in acute SCI, it is commonly used in this setting based on the results of several randomized controlled trials (Bracken et al., 1990 (Bracken et al., , 1997 . However, many have questioned the efficacy of MP because of its marginal effects and criticisms of study design and interpretation (Nesathurai, 1998; Coleman et al., 2000; Hurlbert, 2000; Sayer et al., 2006) . Moreover, there is concern that MP may have detrimental effects that may outweigh its marginal clinical benefits (Nesathurai, 1998; Sayer et al., 2006) . There may still be utility in understanding mechanisms of the protective effects of MP with hopes of developing interventions that promote protective effects but minimize adverse effects.
That MP is selectively protective for oligodendrocytes is intuitively appealing, because its clinical indications involve several CNS disorders involving white matter injury. Despite its marginal efficacy in SCI, MP is the mainstay of therapy for a variety of demyelinating disorders, including multiple sclerosis and acute disseminated encephalomyelitis. Demyelination after SCI is thought to play an important role in disability and has been proposed to be an important target for therapeutic intervention (for review, see McDonald and Belegu, 2006) . Although current opinion favors an antioxidant or anti-inflammatory mechanism, based on our study we raise the possibility that the mechanisms of action of MP may also involve direct antiapoptotic activity in oligodendrocytes. This novel mechanism may have implications for the use of MP in other disorders involving white matter injury. . MP reduces SCI-induced demyelination via a receptor-mediated mechanism. Spinal cords from groups of six rats subjected to sham surgery, SCI, SCI plus MP, or SCI plus MP plus RU486 were extracted, longitudinally sectioned, and stained with Luxol fast blue (A). The volume of demyelination was quantified and expressed as mean Ϯ SD (B). *p Ͻ 0.001 for SCI versus SCI plus MP; **p Ͻ 0.001 for SCI plus MP versus SCI plus MP plus RU486 (ANOVA with post hoc Tukey's test).
